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General introduction

Two olfactory systems in mammals

The mammals are highly dependent on volatile and non-volatile
odorous information for social interaction, territory disputes, reproduction, and
sexual behavior (Baum and Cherry, 2015; Breer et al., 2006; Keller and Lévy,
2012). The odorous information transmits through the two olfactory systems
including main and accessory vomeronasal olfactory system. In the main
olfactory system, olfactory receptor cells in the olfactory mucosa receive
conventional odors and project olfactory nerves to the main olfactory bulb
(OB). The OB transmits signals to specific areas of the brain, including the
anterior olfactory nucleus, piriform cortex, olfactory tubercle and anterior
cortical amygdala (Breer et al., 2006; Yokosuka, 2012). The vomeronasal
organ (VNO) is the receptor organ of the vomeronasal system, which
perceives various molecules related to social and reproductive communication
and transmits signals to the accessory olfactory bulb (Brennan, 2001; Park et
al., 2014; Takami, 2002; Yokosuka, 2012; Zufall et al., 2002). The lumen of
the VNO is covered by the vomeronasal sensory epithelium (VSE) medially
and the vomeronasal non-sensory epithelium (VNSE) laterally (Lee et al.,
2003). The VNO glands are located in the lamina propria and secrete mucous
and/or seromucous elements into the luminal surface of the VNO epithelium,
playing a role in the detection of odorous molecules by the receptor cells of

the VSE (Carmanchahi et al., 2000).



Olfactory system of horse

o Sl

ET: ethmoturbinate, FS: frontal sinus
MT: maxilloturbinate, NP: nasopharynx
NT: nasoturbinate, OB: olfactory bulb
VNO: vomeronasal organ

Figure 1. Gross and Computed tomography (CT) finding of the two olfactory

systems including main and accessory vomeronasal olfactory system in horse.



Olfactory nerves

Vomeronasal sensory epithelium Olfactory epithelium

Figure 2. Schematic illustrations of sagittal section and histological findigns of
the horse head showing the vomeronasal and main olfactory systems. The
vomeronasal organ (VNO) and its nerve projection to the accessory olfactory
bulb (AOB), and the olfactory epithelium (OE) and its nerve projection to the
main olfactory bulb (MOB). (A-E) Histological findings of the horse
vomeronasal organ. (A) Dotted line indicates the position of the coronal

section of the VNO. (B) Higher magnification of the VSE. The VSE is



composed of three discernible layers (supporting cells, arrows; receptor cells,
arrowheads; basal cells, hollow arrowheads). The asterisk indicates the free
border. (C) Higher magnification of the VNSE. The VNSE consists of
non-sensory, ciliated, pseudostratified epithelium. H&E staining. (D) PAS
staining of the acinar cells of the vomeronasal glands. (E) Alcian blue pH 2.5
staining of the acinar cells of the vomeronasal glands. (F) The olfactory
mucosa comprises the olfactory epithelium (OE) and the lamina propria (LP).
Pyramidal acinar cells (arrows) of Bowman’s glands, the ducts of Bowman’s
glands intervening in the OE (hollow arrows) and the olfactory nerve bundles
(arrowhead) in the LP are shown. (G) Higher magnification of the OE is
shown in the marked rectangle in Figure F. The asterisk indicates the free
border. The nuclei in the olfactory supporting cells are oval (arrows). The
secretory duct is vertically positioned in the olfactory mucosa. The olfactory
receptor cells (black arrowheads) between basal cells (hollow arrowheads) and
supporting cells (black arrows) are shown. (H) Periodic acid-Schiff (PAS)
reaction in the olfactory mucosa. PAS reactivity observed in Bowman’s gland
acini (arrow). (I) Alcian blue (pH 2.5) staining in the olfactory mucosa. Scale
bar in (A) = 20 um. Scale bars in (B)~(D) = 10 um. (A) Scale bar = 200 pn
m; (B) to (E) scale bars = 20 um; (G) Scale bar = 20 um;(H) to (I) scale

bars= 10 pm.

Two types of VNO receptor cells in mammals

VNO receptor cells have been classified into two types expressing
vomeronasal receptor type 1 or vomeronasal receptor type 2, which are known

as positive Ggo and Gy, respectively (Hagino-Yamagishi, 2008; Yokosuka,



2012). While rodent VNO receptor cells are positive for both G and Ggo
(Hagino-Yamagishi, 2008; Yokosuka, 2012), those of other domestic animals,
including goats, are only positive for G (Takigami et al.,, 2004). The
identification of phenotypes of VNO receptor cells remains to be further

studied in horse.

VNO receptor cells of accessory olfactory systems
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Figure 3. Two types of VNO receptor cells in mammals.



Characterization of carbohydrate residues in olfactory mucosa

Gycoconjugates in the mucosa has been known to play an important
role in the cell-to-cell self-recognition, extracellular matrix interactions,
embryonic development, cell growth, cell differentiation, cell signaling, cell
adhesion, apoptosis, and inflammation (Nimrichter et al., 2004; Opdenakker et
al., 1993).  Lectin histochemistry is a choice for the discrimination of
different sugar residues in the mucosa (Bies et al., 2004; Spicer and Schulte,

1992).

In olfactory systems, identification of glycoconjugates detected by lectin
histochemistry have been used to discriminate the subpopulation of olfactory
receptor cells (Plendl and Sinowatz, 1998). In the accessory olfactory system
(Plendl and Sinowatz, 1998), both the sensory and non-sensory mucosa of the
VNO contain exogenous and endogenous carbohydrate moieties that play
crucial biological roles in mice (Salazar and Quinteiro, 2003), rats (Lee et al.,
2012), sheep (Ibrahim et al., 2013), pigs (Park et al., 2012), and the common
marmoset (Nakajima et al., 1998).

A morphological characteristic of the horse olfactory mucosa and VNO
remain to be studied with special reference to the identification of sugar

residues and of phenotyping of VNO receptor cells in horses.

_10_



CHAPTER 1

Histochemical study of the olfactory mucosae

of the horses



1. Abstract

The olfactory mucosae of the horse were examined by using histology and
lectin histochemistry to characterize the carbohydrate sugar residues therein.
Histological findings revealed that olfactory epithelium (OE) consisted of both
olfactory marker protein (OMP)- and protein gene product (PGP) 9.5-positive
receptor cells, supporting cells and basal cells with intervening secretory ducts
from Bowman’s glands. Mucus histochemistry showed that Bowman’s gland
acini contain periodic acid-Schiff (PAS) reagent-positive neutral mucins and
alcian blue pH 2.5-positive mucosubstances. Lectin histochemistry revealedthat
a variety of carbohydrate sugar residues, including N-acetylglucosamine,
mannose, galactose, N-acetylgalactosamine, fucose and complex type N-glycan
groups, are present in the various cell types inthe olfactory mucosa at varying
levels. Collectively, this is the first descriptive study of horse olfactorymucosa

to characterize carbohydrate sugar residues in the OE and Bowman’s glands.

Keywords: Carbohydrate; horse; lectin; mucus; olfactory mucosa.



2. Introduction

Olfaction in mammals is a primary sense for social interaction and
reproductive behavior and is processed by the main and accessory olfactory
systems (Baum and Cherry, 2015; Breer et al., 2006; Keller and Levy, 2012).
In the main olfactory system, olfactory receptor cells in the olfactory mucosa
receive conventional odors and project olfactory nerves to the main olfactory
bulb (OB). The OB transmits signals to specific areas of the brain, including
the anterior olfactory nucleus, piriform cortex, olfactory tubercle and anterior
cortical amygdala (Breer et al.,, 2006; Yokosuka, 2012). The vomeronasal
system, a distinct pathway to OB (Yokosuka, 2012), senses pheromones
through receptor cells in the vomeronasal organ (VNO), which sends signals
to the accessory olfactory bulb (AOB), which in turn conveys signals to the
vomeronasal amygdala in the brain (Yokosuka, 2012).

A recent study showed that OB is also involved in chemosignal
transduction in mammalian reproduction (Baum and Cherry, 2015), suggesting
that OB is also important for animal reproduction. Olfactory mucosa consists
of olfactory receptor cells, supporting cells and basal cells, as well as
Bowman’s glands in the lamina propria (LP) (Kavoi et al., 2010). Even
though the morphology of olfactory systems has been widely studied in mice
(Barrios et al., 2014a), domestic animals including dogs and sheep (Barrios et
al., 2014b; Kavoi et al., 2010) and wild life roe deer (Park et al., 2015),
comparative morphological studies on the olfactory mucosa of thehorse remain
to be performed.

Lectins are carbohydrate-binding proteins (Bies et al., 2004). Lectin

histochemistry has been used to discriminate carbohydrate terminals in



chemosensory olfactory mucosae in sheep (Ibrahimet al., 2014) and armadillo
(Ferrari et al.,, 1999). In the chemoreception of main olfactory systems,
carbohydrate terminals are known to play important roles in the perception of
odorous substances (Plendl and Sinowatz, 1998). Recently, a lectin
histochemical study showed that cell components in the olfactory mucosae
contain a variety of different carbohydrate sugar residues in sheep (Ibrahimet
al., 2014) and roe deer (Park et al., 2015). Although the light and scanning
electron microscopic features of the nasal turbinates of the horse have been
studied (Kumar et al., 2000), characterization of carbohydrates in the olfactory
mucosa is poorly understood in this species. In the present study, we
examined the morphological features of olfactory mucosa in the horse and

characterized carbohydrate sugar residues using lectin histochemistry.



3. Materials and Methods

3.1. Tissue preparation

Three adult horses (males, 2.3 years of age) were obtained from the
Korea Horse Race Association and local abattoir. The three horses used in
this study were sexually mature. All experimental procedures were conducted
in accordance with the Jeju National University Guidelines for the Care and

Use of Laboratory Animals.

3.2. Histological examination

For light microscopic evaluation, the endoturbinate part of
ethmoturbinates revealed by parasagittal sections were immediately removed
after death and fixed in 10% buffered formalin for 48 h. Formalin-fixed
ethmoturbinates were trimmed and decalcified in a sodium citrate-formic acid
solution with several changes of thesolution, until the bony pieces softened, as
described in our previous study (Park et al, 2012). The decalcified
ethmoturbinates were dehydrated in a graded ethanol series (70%, 80%, 90%,
95%, and 100%), cleared in xylene, embedded in paraffin and sectioned into
5-um slices. After deparaffinization, the serial sections were stained with
hematoxylin-eosin (HE), and examined to determine whether the olfactory
mucosa contained pathological lesions. The three samples showed no

inflammation in the olfactory mucosa and were therefore further studied.

3.3. Mucus histochemistry
To observe the mucosal characteristics, periodic acid-Schiff (PAS)

reaction was used for neutral or weakly acidic glycoconjugates, while alcian



blue at pH 2.5 (AB 2.5) was used for the confirmation of sulfate esters and

carboxyl groups in glycoconjugates (Luna, 1968).

3.4. Immunohistochemistry

Routine immunohistochemical staining was done as shown in our
previous paper (Park et al, 2015). Briefly, sections (5 pm) of
paraffin-embedded tissue were deparaffinized and heated in a microwave (800
W) in citrate buffer (0.01 M, pH 6.0) for 5 min. After cooling, the sections
were exposed to aqueous 0.3% hydrogen peroxide for 20 min to block
endogenous peroxidase activity. Then, non-specific binding was blocked with
10% normal goat serum (ABC Elite Kit, Vector Laboratories, Burlingame,
CA, USA), washed in phosphate-buffered saline (PBS, pH 7.4) for 1 h, and
allowed to react with either the goat anti-olfactory marker protein (OMP)
antibody (1:400) (catalog No. sc-49070, Santa Cruz Biotechnology, CA, USA)
or rabbit anti- protein gene product 9.5 (PGP 9.5) antibody (1:800) (catalog
No. RP 087.05, Bio trend, Koln, Germany) for 1 h at room temperature.
After washing in PBS, the sections were reacted for 45 min with biotinylated
rabbit anti-goat IgG (1:100; Vector Laboratories) or biotinylated goat
anti-rabbit IgG (1:100; Vector Laboratories), and followed by the avidin-biotin
peroxidase-complex (ABC Elite Kit; Vector Laboratories) prepared according
tothe manufacturer’s instructions. After washing in PBS, the peroxidase
reaction was developed for 3 min using a diaminobenzidine substrate kit
(DAB Kit; Vector Laboratories), prepared according to the manufacturer’s
instructions. The sections were counterstained with hematoxylin for 30 s,

washed in running tap water for 20 min, dehydrated through a graded ethanol



series, cleared with xylene, and mounted with Canada balsam (Sigma-Aldrich,

St. Louis, MO, USA).

3.5. Lectin histochemistry

Lectin histochemistry was performed as described in previous studies
(Lee et al., 2012; Park et al., 2015, 2014, 2012). Three lectin screening kits
(Biotinylated lectin kit I; catalog No. BK-1000, Biotinylated lectin kit II;
catalog No. BK-2000, Biotinylated lectinkit III; catalog No. BK-3000) were
purchased from Vector Laboratories (Burlingame, CA, USA). Based on
previous papers, lectins were classified into six groups according to the
binding specificity and inhibitory sugars, including N-acetylglucosamine,
mannose, galactose, N-acetylgalactosamine, fucose and complex type

N-glycangroups (Table 1) (Ibrahim et al., 2014; Kaltner et al., 2007).

In the present study, we focused on the characterization of
carbohydrate sugar residues in the olfactory mucosa. In brief, the
paraffin-embedded ethmoturbinates were sectioned into 5-um slices using a
microtome. The sections were mounted on glass microscope slides, the
paraffin  was removed and the sections were rehydrated. Endogenous
peroxidase activity was blocked using0.3% hydrogen peroxide in methanol for
30 min. After three washes with phosphate buffered saline (PBS), the sections
were incubated with 1% bovine serum albumin to block non-specific
reactivity. The sections were rinsed with PBS and incubated with the
avidin-biotin-complex (ABC) method using 21 biotinylated lectins (Table 1)
from the lectin screening kits I-III (Vector Laboratories) at 4C overnight.
Horseradish peroxidase (HRP) were developed wusing a diaminobenzidine

substrate kit (DAB Kit; Vector Laboratories). The sections were counterstained



with hematoxylin before mounting. For negative controls, a primary reagent

was omitted during the staining procedure.



Table 1. Binding specificities of lectins used in the present study *

Concentration
Lectin abbreviations Source Sugar specificity

(mg/mL)

N-acetylglucosamine binding lectins

s-WGA Triticum vulgaris 1.0 x 102 GlcNAc

WGA Triticum vulgaris 1.0 x 107 GlcNAc

BSL-II Bandeiraea simplicifolia 4.0 x 10° a or BGIcNAc

DSL Datura stramonium 40 x 10° (GleNAc¢) 24

LEL Lycopersicon esculentum 2.0 x 102 (GIcNAC) 74

STL Solanum tuberosum 1.0 x 10?2 (GIcNAC) 74
Mannose binding lectins

ConA Canavalia ensiformis 33 x 10° oMan, aGle

LCA Lens culinaris 4.0 x 10° oMan, aGlc

PSA Pisum sativum 40 x 10° OoMan, aGlc
Galactose binding lectins

RCA Ricinus communis 2.0 x 10° Gal

BSL-I Bandeiraea simplicifolia 4.0 x 107 aGal, aGalNAc

Jacalin Artocarpus integrifolia 50 x 10* GalB3GalNAc

PNA Arachis hypogaea 40 x 10° GalPB3GalNAc

ECL Erythrina cristagalli 2.0 x 102 GalP4GIcNAc
N-acetylgalactosamine binding lectins

VVA Vicia villosa 4.0 x 10° GalNAc

DBA Dolichos biflorus 1.0 x 1072 aGalNAc

SBA Glycine max 1.0 x 107 o>BGalNAc

SJA Sophora japonica 2.0 x 102 BGalNAc
Fucose binding lectin

UEA-I Ulex europaeus 2.0 x 102 aFuc
Complex type N-glycan binding lectins

PHA-E Phaseolus vulgaris 50 x 10° Complex oligosaccharides

PHA-L Phaseolus vulgaris 2.5 x 107 Complex oligosaccharides

Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; Glec, glucose;

GlcNAc, N-acetylglucosamine; Man, mannose

* Twenty one lectins were grouped into as shown in a previous paper

(Kaltner et al., 2007).



4. Results

4.1. Histological features of the olfactory and respiratory mucosae

The olfactory mucosa consisted of the olfactory epithelium (Fig. 4A)
and the underlying lamina propria (LP) (Fig. 4A). The olfactory epithelium
consisted of the supporting cells, receptor cells and basal cells (Fig. 4B),
while secretory ducts of Bowman’s glands were occasionally found between
olfactory epithelium (Fig. 4A, hollow arrows). The free border of the olfactory
epithelium was observed at the lumen side (Fig. 4B, asterisk). In the LP,
nerve bundle (Fig. 4A, arrowhead) and Bowman’s glands were positively

stained for PAS (Fig. 4C) and/or AB 2.5 (Fig. 4D).

In the respiratory mucosa of the adult horse, respiratory epithelium
(RE; Fig. 5A) consisted of goblet cells (Fig. 5A, arrows), ciliated
pseudostratified epithelium (Fig. 5A, arrowheads) and basal cells(Fig. 5A,
hollow arrows), distinct from olfactory mucosa (Fig. 4A); in the LP of blood
vessels, respiratory epithelium consisted of connective tissues and gland acini

(Fig. 5A), which were positive for PAS (Fig. 5B) and/or AB 2.5 (Fig. 5C).

_10_
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Figure 4. Histological results of the olfactory mucosa of adult horse. (A)
Coronal section of the olfactory mucosa stained with hematoxylin-eosin (HE).
The olfactory mucosa comprises the olfactory epithelium (OE) and the lamina
propria (LP). Pyramidal acinar cells (arrows) of Bowman’s glands, the ducts
of Bowman’s glands intervening in the OE (hollow arrows) and the olfactory
nerve bundles (arrowhead) in the LP are shown. (B) Higher magnification of
the OE is shown in the marked rectangle in Figure A. The asterisk indicates
the free border. The nuclei in the olfactory supporting cells are oval (arrows).
The secretory duct is vertically positioned in the olfactory mucosa. The
olfactory receptor cells (black arrowheads) between basal cells (hollow
arrowheads) and supporting cells (black arrows) are shown. (C) Periodic
acid-Schiff (PAS) reaction in the olfactory mucosa. PAS reactivity observed in
Bowman’s gland acini (arrow). (D) Alcian blue (pH 2.5) staining in the
olfactory mucosa. Alcian blue reaction in the acinar cells (arrow) of
Bowman’s glands. Scale bar in (A) = 20 um. Scale bars in (B)-(D) =

pum.

_11_



Figure 5. Histological results of the respiratory mucosa of adult horse. (A)
Coronal section of the respiratory mucosa stained with HE. The OE consists
of the goblet cells (arrows), ciliated cells (arrowheads) and basal cells (hollow
arrows). The nasal glands are located in the LP. (B) PAS reaction of the
goblet cells. (C) Alcian blue (pH 2.5) staining of the goblet cells. Scale bar
in (A) = 20 um. Scale bars in (B) and (C) = 10 um.

_12_



4.2. Immunohistochemical labeling of olfactory receptor cells

To observe the receptor cells in the olfactory mucosa using
immunohistochemistry with anti-OMP and anti-PGP 9.5 antibodies, olfactory
receptor cells (Fig. 6A, arrows) with dendrites (Fig. 6A, arrowheads) were
positive for OMP antibody, suggesting that olfactory receptor cells are
mature-type. Some receptor cells near the basal cell layer were not positive
for OMP (Fig. 6A, hollow arrow). In PGP 9.5 immunostaining (Fig. 6B), the
reactivity of PGP 9.5 in receptor cells (Fig. 6B, arrows) was similar to OMP,
while several receptor cells in the basal side also showed PGP 9.5
immunoreactivity (Fig. 6B, hollow arrow), suggesting that some cells are
undergoing development. Additionally, some PGP 9.5-positive spindle-shaped
cells (Fig. 6B, arrowheads) were observed at the luminal side of the olfactory

epithelium.

_13_



Negative control
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Figure 6. Immunohistochemical localization of OMP (A) and PGP 9.5 (B) in
the OE. (A) The receptor cells are strongly positive for OMP in the OE
(arrows). The dendritic processes of OMP-positive receptor cells extend to the
free border in the OE (arrowheads). Hollow arrow indicates OMP-negative
receptor cells. (B) PGP 9.5-positive cells (arrows) are located in the middle
layer of the OE with their dendrites extending to the free border. PGP 9.5
was also stained in spindle-shaped cells near the nasal cavity and upper level
of supporting cells (arrowheads). Hollow arrow indicates PGP 9.5-positive
receptor cells probably undergoing differentiation. (C) Negative control. Scale

bars in (A)-(C) = 20 pum.
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4.3. Lectin histochemistry in the olfactory mucosa

4.3.1. N-acetylglucosamine binding lectins

All N-acetylglucosamine binding lectins including s-WGA (Fig. 7A),
WGA, DSL (Fig. 8A), LEL and STL, but not BSL-II (Fig. 7B), were
diffusely labeled in the free border, receptor cells, supporting cells and basal
cells, as well as in the nerve bundle and the aciniin Bowman’s glands (Table
2). Both DSL and LEL, but not s-WGA, WGA, BSL-II or STL, were

occasionally labeled in the secretory ductof Bowman’s gland.

4.3.2. Mannose binding lectins

Mannose binding lectins - Con A, LCA (Fig. 7C) and PSA - were
intensely labeled in the free border, receptor cells, supporting cells, basal cells
and nerve bundle in the LP, while their reactivity in Bowman’s glands was
less intense than in the olfactory epithelium (Table 2). Both LCA (Fig. 7C,
arrow) and PSA were also intensely localized in the perinuclear lesion in the
receptor cells. Con A was also labeled in the ducts of Bowman’s glands, but

both LCA and PSA were not.

4.3.3. Galactose binding lectins

As shown in Table 2, three lectins including RCA 5, Jacalin and ECL
were intensely labeled in the olfactory epithelium and Bowman’s gland acini,
while BSL-I (Fig. 7D) showed reactivity in the olfactory epithelium but not in
Bowman’s glands. PNA (Fig. 7E, arrow) was specifically labeled in receptor

cells, free border and Bowman’s glands, but not in supporting cells or basal

_15_



cells, suggesting that PNA plays a role in odor perception. Both Jacalin and

PNA clearly reacted with the perinuclear lesion of receptor cells.

4.3.4. N-actylgalactosamine binding lectins

The reactivity of N-acetylgalactosamine binding lectins including VVA,
DBA, SBA and SJA varied by cell type (Table 2). Both VVA and SBA (Fig.
7F) were positive for receptor cells with perinuclear staining (Fig. 7F, arrow)
and Bowman’s gland acini (VVA; Fig. 8B), but not in supporting cells. DBA
was labeled in the ductal epithelium but not in any type of cell in the
olfactory mucosa. Additionally, VVA, SBA and SJA showed no reactivity in
the ductal epithelium. SJA was weakly positive for Bowman’s gland acini, but
was intensely labeled in the free border, but not in olfactory mucosal
epithelial cells (Fig. 7G; Table 2). All four lectins - VVA, DBA, SBA and
SJA - showed no reactivity in the nerve bundle, while two lectins (VVA and
SBA) were clearly positive in the receptor cells (Table 2). The discrepancy of
lectin reactivity between receptor cells and nerve bundle in the LP was

observed in VVA (Fig. 8B) and SBA.

4.3.5. Fucose binding lectins

UEA-I was weakly labeled in the free border and basal cells, but not
in the receptor cells and supporting cells. However, UEA-I was strongly
labeled in Bowman’s gland acini and nerve bundles (Fig. 8C). Discrepant
UEA-I reactivity was found between receptor cells and nerve bundle. In
addition, UEA-I was localized in slender spindle-shaped cells in the olfactory

epithelium (Fig. 7H, arrows).
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4.3.6. Complex type N-glycan binding lectins

PHA-E was intensely labeled in all epithelial cells and Bowman’s
gland acini, while PHA-L only showed reactivity in basal cells (Fig. 7I) and
Bowman’s gland acini (Fig. 8D), but not in receptor cells (Fig. 8I) or nerve
bundle (Fig. 8D). The lectin-binding patterns in the olfactory mucosa are

summarized in Table 2.
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Figure 7. Lectin histochemistry in the horse OE. (A) All layers of the OE
exhibit intensive s-WGA positivity. (B) No positive reaction for BSL-II was
observed in the OE. (C) The free border, the supporting cells and the basal
cells are moderately labeled by LCA. Arrow indicates LCA reactivity at the
perinuclear lesion on the receptor cells. (D) The horizontal basal cells are
strongly stained by BSL-I. (E) Intense staining for PNA was observed in the
free border and the receptor cells. Arrow indicates PNA reactivity at the
perinuclear lesion on the receptor cells. (F) The free border, the receptor cells
and basal cells show a positive reaction for SBA. Arrow indicates SBA
reactivity at the perinuclear lesion in the receptor cells. (G) Only the free
border shows SJA reactivity in the OE. (H) UEA-I was weakly stained in the

free border and basal cells. UEA-I occasionally stained some slender
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spindle-shaped cells (arrows) and the upper level of supporting cell nuclei. (I)
PHA-L was detected in the free border and basal cells. (J) Negative control.

All sections in (A)-(J) were conunterstained with hematoxylin. Scale bars in

(A)-(J) = 20 pm.
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Figure 8. Lectin histochemistry in Bowman’s glands. (A) DSL homogenously
labels Bowman’s gland acini and nerve bundles (N). (B) The glandular acini
cells are moderately stained by VVA but not in the nerve bundles (N). (C)
Glandular acini cells and nerve bundles (N) in the LP were stained by
UEA-I. (D) PHA-L was labeled in the apical portion of Bowman’s gland
acini but not in nerve bundles (N). (E) Negative control. All sections in
(A)-(E) were conunterstained with hematoxylin. Scale bars in (A)-(E) = 20

pm.

_20_



Surpoqer Jeonured eoide

Jurure)s oSUNU[ ‘+++ ‘Jurure)s OJBISPOIN ‘++ ‘Jurure)s jure] ‘+ Surureis oAnedoN ‘—

+ - - —+ - - + T-VHd

+++ - ++ +++ +++ +++ +++ d4-VHd
sunoo] Surpurq ueok[3-N 2dAy  xopdwo)

+++ - + + - - + I-van
unoo| Suipuiq 9s0ong

n Z - - - - - VIS

++ - - ++ - s+ +++ vds

- + - - - - - vdad

Tt - - - - s+ + VAA
sunod]  JuIpulq QUIUES0)OR[eF[A100B-N

-+ + + ++ ++ ++ +++ 104

+++ - + - - s ++ VNd

-+ - ++ -+ ++ s+ +++ utjedef

- - + ++ + + +++ 1184

+++ - ++ +++ +++ +++ +++ 0Z1vVOd
Suno9| Surpulq 9sojoe[eD)

+ - + ++ ++ b ++ VSd

+ - + ++ ++ b ++ vl

+ + + -+ -+ ++ -+ yuoD
Sunod| SuIpuIq OSOUUBIA

+++ - ++ +++ +++ +++ +++ 1LS

+++ + ++ +++ +++ +++ +++ gci!

-+ + ++ -+ -+ -+ -+ 1Ssd

- - - - - - - 11849

++ - ++ ++ ++ ++ +++ VOM

+++ - +++ +++ +++ +++ +++ VOM-S
surod] Sulpulq oulesoIn[3[A100e-N

UDE pued Sueumog 1onp puejd s Ueumog — BULLE| UI Opung QAN 1190 [eseg [0 Sungoddng (o0 103doooy  19p1oq 9314 unod

3SI0Y dY) Ul SPUB[3 S UBWIMOY pue SI[pung IARU ‘wnipPyidd Arojejo oy u swppyed Surpulq uNIIT 7 dqeL



5. Discussion

This is the first histochemical study of horse olfactory mucosa to
include visualization of olfactory receptor cells and each carbohydrate residue
on the olfactory mucosa. Regarding the histological features of olfactory
mucosa in horse, the general structure is similar to those of domestic animals,
including dogs (Kavoi et al., 2010) and sheep (Ibrahim et al., 2014). In the
present study, we found that OMP is specifically localized in the receptor
cells in the olfactory epithelium, while PGP 9.5 is occasionally localized in
immature-type receptor cells located between OMP-positive receptor cells and
basal cells. This finding implies that some neurons continuously differentiate
in the olfactory epithelium, suggesting that cells in the olfactory epithelium,
from which specific stem cells originate, are dynamically regenerating (Duan
and Lu, 2015; Murrell et al.,, 2005). Regarding the mucus characteristics in
the olfactory Bowman’s glands, some acini in the glands were both positive
either for PAS or alcian blue (pH 2.5) - or for both - suggesting that
Bowman’s glands secrete neutral or weakly acidic glycoconjugates as well as
sulfate esters in glycoconjugates. This finding is similar to those in other
domestic animals including sheep (Ibrahim et al., 2014).Regarding lectin
histochemistry, we found that a variety of carbohydrate residues detected by
lectins (19 lectins; see Table 2)used in this study were identified on the free
border of olfactory epithelium, but not BSL-II or DBA. This finding is partly
in contrast to those reported in sheep, in which the free borders of both the
olfactory and respiratory epithelia were stained with 12 lectins including
WGA, s-WGA, LEL, STL, DSL, SBA, BSL-I, RCA-120, ECL, ConA,
PHA-E, and PHA-L (Ibrahim et al, 2014). Regarding the source of
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carbohydrate sugar residues in the free border, we postulate thatsome
originated from secretions from Bowman’s glands because acini in Bowman’s
glands contained a variety of carbohydrate sugar residues, except BSL-I-,
BSL-II- and DBA-binding carbohydrates, inthe present study. Additionally, we
do not exclude the possibil-ity that some carbohydrate sugar residues in the
free border areoriginated from the olfactory epithelial cells.In the olfactory
epithelial cells, seventeen lectins, but not BSL-II, DBA, SJA and PHA-L,
bound to the receptor cells, suggestingthe many different sugar residues are
partly involved in the cell biology of receptor cells. Regarding the location of
lectin-binding sugar residues on the receptor cells, lectins including LCA,
PSAJacalin, PNA, VVA and SBA were clearly labeled at the apical
perinuclear lesions, suggesting that the lectin-binding carbohydratesugar
residues are associated with rough endoplasmic reticulum-associated protein
synthesis. A similar finding was also reported inthe receptor cells of sheep
VNO, in the form of supranuclear granules of VVA reactivity (Ibrahim et al.,
2013). Thus, we postulate that receptor cells in the present study were
actively involved in protein synthesis. The lectin reactivity between receptor
cells and nerve bundleswas basically the same for each lectin used in this
study except VVA and SJA. Both VVA and SJA were intensely labeled in
the receptor cells with apical perinuclear staining but not in the nerve bundles
in the lamina propria. We postulate that this discrepancy is due to the
modification of sugar residues in the locations. Regarding the lectin reactivity
in supporting cells and basal cells,N-acetylgalactosamine binding lectins
including VVA, DBA and SJA were largely negative or faint, suggesting
N-acetylgalactosamineis less involved in the maintenance of these cells.

Considering  that cell glycoconjugates are involved in  cell-cell
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communicationand adhesion (Spicer and Schulte, 1992), other groups including
N-acetylglucosamine, mannose, galactose and complex-type N-glycans are more
actively involved in cell-cell communicationsthan N-acetylgalactosamine groups.
Because of the broad lectin reactivity in olfactory mucosa, we postulate that
carbohydrate sugar residues in the cells of olfactory mucosa play a role in
cell-cell communication. Regarding the lectin reactivity in the ductal
epithelium of Bowman’s glands, we found that four lectins - DSL, LEL, ECL
and DBA - were occasionally labeled, while all examined lectins, except
BSL-II, BSL-I and DBA, were positive for Bowman’s gland acini. This
finding suggests that acini contain more diverse sugar residues thanthe
secretory ductal epithelium of Bowman’s glands (Table 2). Regarding the
involvement of spindle-shaped cells in the olfactory mucosa, we found that
spindle-shaped cells reacted by UEA-I were detected at the apical side of the
epithelium, beyond the layer of supporting cell nuclei. This type of cell was
positive for phospholipase C (PLC)-beta I antibody in mouse olfactory mucosa
(Elsaesser et al., 2005; Montani et al., 2006), mouse VNO (Oguraet al., 2010)
and the sensory and non-sensory epithelium of camel VNO (Ibrahim et al.,
2015), suggesting that this cell type is a solitary chemosensory cell in VNO
(Ogura et al.,, 2010). The precise characteristics of this type of cell in
olfactory epithelium remain to beelucidated in the horse. Collectively, the
present study results contribute to the comparative study of chemosensory
epithelium in the horse. Furthermore, this is the first descriptive study of

carbohydrate sugar residues inthe horse olfactory mucosa.
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CHAPTER 11

Histological and lectin histochemical studies of

the vomeronasal organ of horses
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1. Abstract

The morphological characteristics and glycoconjugate composition of
the vomeronasal organ (VNO) of the horse was investigated using histological,
immunohistochemical, and lectin histochemical methods. The VNO is
bilaterally located at the base of the nasal septum, has a tubular structure
surrounded by cartilage, and consists of sensory and non-sensory epithelia.
Immunohistochemical examination showed that the vomeronasal sensory
epithelium (VSE) consisted of receptor cells positive for both olfactory marker
protein (OMP) and protein gene product 9.5 (PGP 9.5), supporting cells, and
basal cells. VNO receptor cells were positive for G protein G,z (vomeronasal
receptor type 1 marker), but not G, (vomeronasal receptor type 2 marker).
Lectin histochemical studies using 21 biotinylated lectins showed that the free
border of the VSE was positive for 20 lectins. The receptor and supporting
cells reacted with 16 lectins while the basal cells reacted with 15 lectins, with
varying intensities. In the vomeronasal non-sensory epithelium, the free border
was positive for 19 lectins. The cilated cells were positive for 17 lectins and
the basal cells were positive for 15 lectins. The vomeronasal glands,
positioned in the lamina propria, were stained with both periodic acid Schiff
(PAS) and alcian blue (pH 2.5). Eighteen lectins stained the acinar cells of
the vomeronasal glands with various binding patterns. These findings suggest
that horse VNO receptor cells express vomeronasal receptor type 1, and the
VNO glands have mucous to seromucous characteristics. Moreover, each lectin
differentially binds each cell type in both the VNO sensory and non-sensory
epithelia.

Keywords: Horse; Lectin; Vomeronasal organ; Carbohydrate.
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2. Introduction

The vomeronasal organ (VNO) is the receptor organ of the vomeronasal
system, which perceives various molecules related to social and reproductive
communication and transmits signals to the accessory olfactory bulb (Brennan,
2001, Park et al., 2014, Takami, 2002, Yokosuka, 2012, Zufall et al., 2002).
The lumen of the VNO is covered by the vomeronasal sensory epithelium
(VSE) medially and the vomeronasal non-sensory epithelium (VNSE) laterally
(Lee et al., 2003). The VNO glands are located in the lamina propria and
secrete mucous and/or seromucous elements into the luminal surface of the
VNO epithelium, playing a role in the detection of odorous molecules by the
receptor cells of the VSE (Carmanchahi et al., 2000). VNO receptor cells
have been classified into two types expressing vomeronasal receptor type 1 or
vomeronasal receptor type 2, which are known as positive G, and Gy,
respectively (Hagino-Yamagishi, 2008, Yokosuka, 2012). While rodent VNO
receptor cells are positive for both Gy and Gy, those of other domestic
animals, including goats, are only positive for Gy (Takigami et al., 2004).

Lectins are carbohydrate binding proteins that protrude from glycolipids
and glycoproteins (Bies et al., 2004) and can differentiate macromolecules in
mammalian tissues (Spicer and Schulte, 1992). They are involved in biological
activities through the process of glycoconjugation, including cell-to-cell
self-recognition, extracellular matrix interactions, embryonic development, cell
growth, cell differentiation, cell signaling, cell adhesion, apoptosis, and
inflammation (Nimrichter et al., 2004, Opdenakker et al., 1993).

In olfactory systems, glycoconjugates detected by lectin histochemistry

are considered to discriminate the subpopulation of olfactory receptor cells
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(Plendl and Sinowatz, 1998). In the accessory olfactory system (Plendl and
Sinowatz, 1998), both the sensory and non-sensory mucosa of the VNO
contain exogenous and endogenous carbohydrate moieties that play crucial
biological roles in mice (Salazar and Sanchez Quinteiro, 2003), rats (Lee et
al., 2012), sheep (Ibrahim et al., 2013), pigs (Park et al., 2012b), and the
common marmoset (Nakajima et al., 1998).

With regards to the horse VNO, Taniguchi et al. investigated the fine
structure of the horse VSE (Taniguchi and Mikami, 1985), while Salazar et
al. studied the vomeronasal cartilage (Salazar et al.,, 1995). In terms of
analyzing the cell phenotypes of the VNO, Garcia-Suarez et al. studied the
expression of the Trk A-like and epidermal growth factor receptors
(Garcia-Suarez et al., 1997). In line with previous reports, we examined the
histological characteristics and cellular localization of signals including protein
kinase C and nitric oxide synthase (Lee et al., 2001), and also examined the
lectin binding patterns of the VSE wusing 6 lectins (Lee et al., 2003).
However, our previous study was insufficient to fully understand the
characteristics of carbohydrate moieties in the horse VNO, including the VSE
and the VNSE.

The aim of the present study is to evaluate the morphological
characteristics of the horse VNO, with special reference to lectin
histochemistry, to clarify the characteristics of carbohydrate specificity, as well

as to confirm the VNO receptor type in horses.
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3. Materials and Methods

3.1. Tissue preparation

Three horse samples (mature, Table 3) were obtained from the Korea
Horse Racing Association and local abattoir. Animals were sacrificed through
the administration of over-dosed of succinylcholine. For light microscope
evaluation, the VNOs were removed immediately after death and fixed in 10%
buffered formalin for 48 h. All experimental procedures were conducted in
accordance with the Jeju National University Guidelines for the Care and Use

of Laboratory Animals.

3.2. Histological examination

Formalin-fixed VNOs were trimmed and decalcified in a sodium
citrate—formic acid solution. The solution was changed several times, until the
bony pieces softened, as described in our previous study (Park et al., 2012).
The decalcified VNOs were dehydrated in a graded ethanol series (70%, 80%,
90%, 95%, and 100%), cleared in xylene, embedded in paraffin, and sectioned
at a thickness of 5 pum. After deparaffinization, the serial sections were
stained with hematoxylin-eosin (HE), periodic acid Schiff (PAS), and alcian
blue (pH 2.5). The morphological evaluation of the VNO focused on male
horses, as only one VNO sample from a female horse was obtained and was

histologically similar to that of the males.
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Table 3. Description of the horses used in this study

Age Weight (kg) Sex
3 years 510 Male
3 years 500 Male
4 years 530 Male
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3.3. Antibodies

To confirm the presence of receptor «cells in the VSE,
immunohistochemistry was performed using a goat polyclonal antibody against
the olfactory marker protein (OMP, Santa Cruz Biotechnology, CA, USA) and
a rabbit polyclonal antibody against protein gene product 9.5 (PGP 9.5, Bio
trend, Koln, Germany). To identify vomeronasal receptors types, a rabbit
polyclonal anti-G,;; antibody and a rabbit polyclonal anti-G,, antibody (Santa

Cruz Biotechnology) were used. The primary antibodies are listed in Table 4.
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Table 4. Antibodies used in this study

Antibody MAB/PAB  Host Dilution Company

Anti-olfactory marker Santa Cruz, Texas,

. Goat 1:400
protein (OMP) USA
Anti-protein gene . Bio trend, Koln,

PAB Rabbit  1:800

product 9.5 (PGP  9.5) Germany
Anti-Ggp PAB Rabbit 1:200 Santa Cruz
Anti-Gy, PAB Rabbit 1:200 Santa Cruz
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3.4. Immunohistochemistry

Sections (5 pm) of paraffin-embedded tissue were deparaffinized and
heated in a microwave (800 W) in citrate buffer (0.01 M, pH 6.0) for 5 min.
After cooling, the sections were exposed to aqueous 0.3% hydrogen peroxide
for 20 min to block endogenous peroxidase activity. Then, non-specific
binding was blocked with 10% normal goat serum (ABC Elite Kit, Vector
Laboratories, Burlingame, CA, USA), washed in phosphate-buffered saline
(PBS, pH 7.4) for 1 h, and allowed to react with the goat anti-OMP antibody
(1:400), rabbit anti-PGP 9.5 antibody (1:800), rabbit anti-G,;; antibody (1:200),
or rabbit anti-G,, antibody (1:200) for 1 h at room temperature. After
washing in PBS, the sections were reacted for 45 min with biotinylated rabbit
anti-goat IgG (1:100; Vector Laboratories) or biotinylated goat anti-rabbit IgG
(1:100; Vector Laboratories). The sections were washed in PBS and incubated
for 45 min with the avidin—biotin peroxidase complex (ABC Elite Kit; Vector
Laboratories) prepared according to the manufacturer’s instructions. After
washing in PBS, the peroxidase reaction was developed for 3 min using a
diaminobenzidine substrate kit (DAB Kit; Vector Laboratories), prepared
according to the manufacturer’s instructions. The sections were counterstained
with hematoxylin for 30 s, washed in running tap water for 20 min,
dehydrated through a graded ethanol series, cleared with xylene, and mounted

with Canada balsam (Sigma-Aldrich, St. Louis, MO, USA).

3.5. Lectin histochemistry
Three lectin screening kits (I-III) were purchased from Vector
Laboratories (Burlingame, CA, USA). Lectins were classified according to the

binding specificity and inhibitory sugars, including N-acetylglucosamine,
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mannose, galactose/N-acetylgalactosamine, complex type N-glycan (PHA-E and
PHA-L), and fucose groups (Table 5) (Kaltner et al., 2007) . The following
sugars were obtained from Sigma-Aldrich and used for competitive inhibition
(See Table 3): o-methyl mannoside/a-methyl glucoside (Cat#, M6882,
Sigma-Aldrich), B-D-galactose (Cat#, G6637, Sigma-Aldrich), lactose (GalB31,
4Glc) (Cat#, LO0100000, Sigma-Aldrich), melibiose (Galal, 6Glc) (Cat#,
M5500, Sigma-Aldrich), N-acetyl-D-galactosamine (o-D-GalNAc) (Cat#, A2795,
Sigma-Aldrich),  N-acetyl-D-glucosamine = (B-D-GIcNAc)  (Cat#, A8625,
Sigma-Aldrich). Chitin hydrolysate (Cat#, SP-0090, Vector) was purchased
from Vector Laboratories.

Lectin histochemistry was performed as described in previous studies
(Lee et al, 2012; Park et al, 2014; Park et al., 2012). Briefly, the
paraffin-embedded VNOs were sectioned at a thickness of 5 pm using a
microtome. The sections were mounted on glass microscope slides, the
paraffin  was removed, and the sections were rehydrated. Endogenous
peroxidase activity was blocked using 0.3% hydrogen peroxide in methanol for
30 min. After three washes with PBS, the sections were incubated with 1%
bovine serum albumin to block non-specific activity. The sections were rinsed
with PBS and incubated using the ABC method with 21 biotinylated lectins
(Table 3) at 4°C overnight. Signals were developed using a diaminobenzidine
substrate kit (DAB Kit; Vector Laboratories). The sections were counterstained
with hematoxylin before mounting. Negative controls for the lectin
histochemistry included (1) omission of primary reagent (biotinylated lectins)
and (2) preincubation of the lectins with the appropriate inhibitors (0.2 M- 0.5
M in Tris buffer) for 1 hour at room temperature as shown in a previous

paper (Kaltner et al., 2007).
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Table 5. Binding specificities of lectins used in this study

: Inhibitor or elutin
Lectin abbreviations Source Concentration Sugar specificity 8
(ng/mi) sugar*®
N-acetylglucosamine ~ binding lectins
Succinylated-Whe
s-WGA at germ 1.0 x 107 GlcNAc 0.2M GIcNAc
agglutinin
Wheat germ 2 GlcNAc
WGA agelutinin 1.0 x 10 NeuAc, SA 0.2M GIcNAc
BSL-II Bandeiraea 40 x 10°  a or p GleNAc  0.2M GleNAc
simplicifolia
DSL gf%gmum 40 x 10°  (GleNAc) 24 0.5M chitin hydrolysate
LEL gsyfﬁ;ﬁflﬁ"” 2.0 x 102 (GleNAc) 24 0.5M chitin hydrolysate
STL ;‘S;?bkeli”l:smum 1.0 x 102 (GlecNAc) 24 0.5M chitin hydrolysate
Mannose binding lectins
Canavalia 3 oMan, aGlc, 0.2M MeaMan/0.2M
ConA ensiformis 3.3 10 4GIcNAc MeoaGlc
L 3 oaMan, aGlc 0.2M MeoMan /0.2M
LCA Lens culinaris 4.0 x 10 4(Fucal,6)GIcNAc  MeaGle
. . 3 aMan, aGlc 0.2M MeoMan/0.2M
PSA Pisum sativum 4.0 x 10 4(Fucal,6)GIcNAc  MeaGle
Galactose/  N-acetylgalactosamine binding  lectins
RCA Ricinus 20 x 10°  Gal 0.2M lactose
communis
BSL-I Bandeiraea 40 x 10°  aGal, 0GalNAc  0.2M GalNAc
simplicifolia
VVA Vicia villosa 40 x 10° GalNAc 0.2M GalNAc
DBA Dolichos biflorus 1.0 x 107 aGalNAc 0.2M GalNAc
SBA Glycine max 1.0 x 107 o>pGalNAc 0.2M GalNAc
SJA Sophora japonica 2.0 x 107 BGalNAc 0.2M GalNAc
Jacalin Artocarpus 5.0 x 10*  Galp3GalNAc 0.2M melibiose
integrifolia
PNA ‘;l““d”'s 4.0 x 10°  GalB3GalNAc 0.2M BGal
ypogaea
ECL Erythring 20 x 107 Galp4GleNAc  0.2M lactose
cristagalli
Complex type  N-glycan ( Complex oligosaccharide)  binding lectins
GalB4GIcNAcp
Phaseolus 3 2 Man ab . .
PHA-E loari 5.0 x 10 (GIcNAcB4)(GleN  0.1M acetic  acid
VULgarts Acp4Mana3)
Manf4
Phaseolus GalB4GIcNACcP6
PHA-L . 2.5 x 10° (GluNAcp2Man 0.IM acetic  acid
vulgaris
a3) Man a3
Fucose binding lectin
UEA-I Ulex europaeus 2.0 x 107 oFuc 0.1M L-fucose
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Fuc, fucose; gal, galactose; GalNAc, N-acetylgalactosamine; glc, glucose;
GlcNAc, N-acetylglucosamine; man, mannose. MeaMan, o-Methylmannoside;

MeaGlc, a-Methylglucoside; NeuAc, N-acetylneuraminic acid; SA, sialic acid.

* The acronyms and lectin sepcificities including sources, preferred sugar

specificity and inhibitor were obtained from the data sheet (Vector laboratory).
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4. Results

4.1. Gross anatomy of the nasal cavity

The nasal cavity, defined as the first air passage cavity surrounded by
bones, extended from the nostril to the nasopharynx. In the rostral
three-quarters of the nasal cavity, the air passage was divided by the
nasoturbinate (NT) and the maxilloturbinate (MT), while the VNO was located
below the MT of nasal cavity (Fig. 9). The VNO had a prominent
tubular-shaped structure, supported by a thin cartilage, adjacent to the vomer.
The ethmoturbinates were positioned at the caudal one-fourth of the nasal
cavity and had a more complex lamellar folding and branching pattern than

the NT and the MT (Fig. 9).
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Figure 9. Gross anatomy of the rostral part of the head of the adult horse on

the right lateral side. The ethmoturbinates (ET), located in the caudal portion
of the nasal cavity, are lined by the olfactory mucosa. FS, frontal sinus; MT,
maxilloturbinate; NP, nasopharynx; NT, nasoturbinate; OB, olfactory bulb;

VNO, vomeronasal organ. Scale bar represents 5 cm.
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4.2. Histological features of the VNO

The morphological features of the VNO are shown at low
magnification in Figure 10A. A lamina of cartilage wrapped around its entire
structure, and the connective tissue, glands, vessels, and nerves making up the
soft tissue of the VNO were organized around the vomeronasal duct. The
VSE was located in the medial portion of the VNO and consisted of
supporting cells, receptor cells, and basal cells (Fig. 10B). The free border of
the VSE faced the lumen of the vomeronasal duct (Fig. 10B, asterisk). The
VNSE was located in the lateral portion of the VNO and consisted of ciliated
cells and basal cells (Fig. 10C). In the lamina propria, there were enlarged
blood vessels and numerous vomeronasal glands (Fig. 10A). The glandular
cells in the vomeronasal glands were positive for both PAS (Fig. 10D) and

alcian blue staining (pH 2.5) (Fig. 10E).
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Figure 10. Histological findings of the horse vomeronasal organ. (A) A
coronal section through the ventral part of the nasal septum. The vomeronasal
cartilage (VNC) encapsulates the lamina propria. The vomeronasal ducts are
lined by the vomeronasal sensory epithelium (VSE) and the vomeronasal
non-sensory epithelium (VNSE). The vomeronasal nerve bundles (arrowheads)
and the vomeronasal glands (arrows) are positioned in the lamina propria. (B)
Higher magnification of the VSE. The VSE is composed of three discernible
layers (supporting cells, arrows; receptor cells, arrowheads; basal cells, hollow
arrowheads). The asterisk indicates the free border. (C) Higher magnification
of the VNSE. The VNSE consists of non-sensory, ciliated, pseudostratified
epithelium. H&E staining. (D) PAS staining of the acinar cells of the
vomeronasal glands. (E) Alcian blue pH 2.5 staining of the acinar cells of the

vomeronasal glands. (A) Scale bar = 200 um; (B) to (E) scale bars = 20 pum.
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4.3. Immunohistochemical analysis of the VSE

The receptor cells were well visualized by OMP immunoreaction in the
middle layer of the VSE (Fig. 11A). OMP- and PGP 9.5-positive cells
extended their dendrites to the free border (Fig. 11A and B, arrowheads).
Both OMP and PGP 9.5 labelled mature olfactory receptor cells in the middle
layer of the VSE (Fig. 11A and B, arrows). Both OMP and PGP 9.5 were
not immunoreactive on supporting and basal cells in the present study.

With regard to the cellular expression of guanine-triphosphate (GTP)-binding
proteins (G proteins), Gqi was intensely immunostained in the receptor cells
(Fig. 11C, arrows) in which their dendrites extended to the free border
forming dendritic knobs (Fig. 11C, arrowheads). However, neither supporting
cells nor receptor cells (Fig. 11D) were immunoreactive for G, Negative

control shows no immunoreactivity (Fig. 11E).
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Figure 11. Immunohistochemical localization of OMP, PGP 9.5, and G,» and
Gg proteins in the VSE. (A) The receptor cells are strongly positive for
OMP in the VSE (arrows). The dendritic processes of OMP-positive receptor
cells extend to the free border of the VSE (arrowheads). (B) PGP 9.5-positive
cells (arrows) are located in the middle layer of the VSE with their dendrites
extending to the free border (arrowheads). (C) The receptor cells are intensely
stained by protein Gy, (arrows) and their dendrites elongate and form
dendritic knots on the free border (arrowheads). (D) G,, protein was not

labeled on VNO receptor cells nor supporting cells. Scale bars = 20 pum.
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4.4. Lectin histochemistry in the vomeronasal sensory epithelium

4.4.1. N-acetylglucosamine binding lectins

The free border of the VSE was intensely labeled with s-WGA (Fig.
12A) and LEL (Fig. 12B). WGA, DSL, and STL also labeled the free border
(Table 6). The supranuclear cytoplasm of the receptor cells and basal cells
were strongly positive for s-WGA lectin, while the supporting cells were
moderately stained (Fig. 12A). LEL (Fig. 12B) labeled the all layers of the
VSE. WGA, DSL, and STL labeling patterns are similar to that of LEL
(Table 6). There was no lectin binding observed for BSL-II in the VSE (Fig.
12C). Negative controls using lectins pretreated with appropriate inhibitors

(Table 5) showed no reactivity (Fig. 12F).

4.4.2. Mannose binding lectins

Con A strongly labeled the free border and all layers of the VSE
(Fig. 12D). Intense labeling for LCA was observed in the free border and the
receptor cells—(Fig. 12E), while the supporting cells were moderately stained
with LCA and the basal cells were weakly positive for LCA (Fig. 12E). PSA

showed a similar labeling pattern to LCA (Table 6).
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Figure 12. Lectin histochemistry with N-acetylglucosamine and mannose
binding lectins in the horse VSE. (A) The free border and receptor cells show
intense reactions for s-WGA. The supporting cells and the basal cells are
moderately labeled by s-WGA. (B) No positive reaction for BSL-II was
detected in the VSE. (C) The entire layer of the VSE exhibits intense LEL
positivity. (D) Con A is strongly positive in the entire layer of the VSE. (E)
Intense reactions for LCA were observed in the free border and in the
receptor cells. The supporting cells show a moderate reaction for LCA. (F)

Negative control. Scale bars = 20 pm.
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Table 6. Lectin binding patterns of the horse vomeronasal sensory epithelium

Supporting cells

Basal cells

Lectin Free border Receptor cells
N-acetylglucosamine  binding lectins
s-WGA +++ +++
WGA +++ +++
BSL-II - -
DSL +++ +++
LEL +++ +++
STL +++ +++
Mannose binding lectins
ConA +++ +++
LCA +++ +++
PSA +++ ++
Galactose/  N-acetylgalactosamine binding lectins
RCA +++ +++
BSL-I +++ ++
VVA +++ +
DBA + +++
SBA +++ +++
SJA +++ -
Jacalin +++ ++
PNA +++ +++
ECL +++ ++
Complex type N-glycan binding lectins
PHA-E +++ -
PHA-L ++ -
Fucose binding lectin
UEA-I +++ -
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—, negative staining; +, faint staining; ++, moderate staining;
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4.4.3. Galactose/N-acetylgalactosamine binding lectins

RCA,; labeledthe free border and all layers of the VSE (Fig. 13A),
and similar labeling patterns were detected for SBA, Jacalin, and ECL (Table
6). Staining with BSL-I was restricted to the free border and the receptor
cells and did not label the supporting and basal cells (Fig. 13B). PNA
labeling patterns are similar to that of BSL-I (Table 6). VVA labeled the free
border and the supporting cells in the VSE (Table 6). Moreover, the
supranuclear cytoplasm of the receptor cells was weakly stained with VVA,
while no basal cells were stained (Table 6). Some receptor cells exhibited
intense DBA labeling patterns, and their dendritic knobs reached the free
border (Fig. 13C). SJA stained the free border and the basal cells of the VSE
(Table 6).

4.4.4. Complex type N-glycan binding lectins

Both PHA-E (Fig. 13D) and PHA-L (Fig. 13E) showed labeling
patterns in the free border, the supporting cells, and the basal cells of the
VSE, but PHA-E labeled more intensively the supporting cells than PHA-L
did.

4.4.5. Fucose binding lectin

UEA-I produced strong reactivity in the free border and in the apical
cytoplasm and basilar process of the slender type supporting cells of the VSE.

The receptor cells and basal cells were negative for UEA-I (Fig. 13E).
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Figure 13. Lectin histochemistry with galactose/N-acetylgalactosamine, complex
type N-glycan, and fucose binding lectins in the horse VSE. (A) RCAy
stained the free border and all cell types of the VSE. (B) BSL-I labeled the
receptor cells moderately, but not the supporting cells or the basal cells. (C)
Some receptor cells exhibit a strong reaction for DBA and their dendritic
knobs reach the free border. (D) PHA-E was observed in the supporting cells
and basal cells, but not in the receptor cells. (E) Only the basal cell layer
shows PHA-L reactivity in the VSE. (F) UEA-I stained some supporting cells

from the basement membrane to the free border. Scale bars = 20 um.
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4.5. Lectin histochemistry in the VNSE and vomeronasal glands

4.5.1. N-acetylglucosamine binding lectins

There was no reaction seen for BSL-II in the VNSE (Fig. 14A).
WGA, LEL, and STL labeling patterns are similar to that of DSL, while
s-WGA showed moderate reactivity (Table 7). Strong labeling by DSL was
seen in the free border and ciliated cells of the VNSE (Fig. 14C). STL
showed a similar labeling pattern to DSL (Table 7). Moderate staining was
seen in the ciliated cells for s-WGA, WGA, and LEL (Table 7). The basal
cells of the VNSE were labeled with varying intensities for s-WGA, WGA,
BSL-II, DSL, LEL, and STL. Acinar cells of the vomeronasal glands
exhibited intense reactivity for BSL-II (Fig. 14B). s-WGA, WGA, LEL, and

STL labeling patterns were similar to DSL (Table 7).

4.5.2. Mannose binding lectins

The free border and all layers of the VNSE were intensively labeled
with Con A (Fig. 14E), and ConA reacted with moderate intensity in the
vomeronasal glands (Fig. 14F). LCA and PSA showed a similar labeling

pattern to ConA in the VNSE and vomeronasal glands (Table 7).

4.5.3. Galactose/N-acetylgalactosamine binding lectins

Jacalin showed varying intensities in the free border and all layers of
the VNSE (Fig. 14G). RCAy, BSL-I, PNA, and ECL labeling patterns are
similar to that of Jacalin. VVA showed a faint signal, while DBA was

negative in the VNSE (Table 7). SBA (Fig. 14I) and SJA exhibited similar
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labeling patterns for the free border and basal cells of the VNSE, but only
SBA produced weak staining in the ciliated cells (Table 7). SBA intensively
labeled some acinar cells (Fig. 14)J). VVA and DBA labeling patterns are
similar to that of SBA, while most acinar cells of the vomeronasal glands
were stained by RCA,y, Jacalin, ECL, PHA-E, and PHA-L (Table 7). PNA
stained the apical region of the acinar cells in the vomeronasal glands (Table

7). BSL-I and SJA were negative in the vomeronasal glands (Table 7).

4.5.4. Complex type N-glycan binding lectins

PHA-E was intensely bound on free border, ciliated cells as well as
basal cells (Fig. 15A), while PHA-L labeled the free border and the basal
cells of the VNSE, but did not label ciliated cells (Fig. 15C). Most acinar
cells of the vomeronasal glands were labelled by PHA-E (Fig. 15B), but not
PHA-L (Fig. 15D).

4.5.5. Fucose binding lectins

Labeling for UEA-I was observed in the free border and in the
ciliated cells of the VNSE with strong reactivity (Fig. 15E), while the basal
cells were negative and some acinar cells were intensively stained for UEA-I

(Fig. 15F).
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BSL-II DSL ConA

VNSE Glands VNSE

Glands

Figure 14. Lectin histochemistry with N-acetylglucosamine, mannose, and
galactose/N-acetylgalactosamine binding lectins in the horse VNSE (A, C, E,
G, I, and K) and vomeronasal glands (B, D, F, H, J, and L). (A and B)
BSL-II. (C and D) DSL. (E and F) ConA. (G and H) Jacalin. (I and J) SBA.

(K and L) Negative control. Scale bars = 40 pm.
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_Glands

Figure 15. Lectin histochemistry with galactose/N-acetylgalactosamine and
fucose binding lectins in the horse VNSE (A, C, and E) and vomeronasal
glands (B, D, and F). (A and B) PHA-L. (C and D) PHA-L. (E and F)
UEA-I. Scale bars = 40 pm.



Table 7. Lectin binding patterns of the vomeronasal non-sensory epithelium

and the vomeronasal gland in the horse

Lectin Free border Ciliated cells Basal cells Vomeronasal glands
N-acetylglucosamine binding lectins
s-WGA ++ ++ + +++
WGA +++ ++ ++ +++
BSL-II - - - -
DSL +++ +++ -+ -+
LEL +++ ++ + ~ ++ +++
STL -+ -+ + ++
Mannose binding lectins
ConA +++ +++ 4+ ++
LCA ++ ++ ++ +
PSA ++ ++ ++ +
Galactose/ N-acetylgalactosamine binding lectins
RCA +++ +++ ++ ++
BSL-I ++ + o~ _
VVA - ~ + - ~ + - bk
DBA - - - -
SBA + + - %
SJA + - - -
Jacalin +++ +++ +++ +++
PNA ++ + ++ %
ECL +++ ++ ++ -+
Complex type N-glycan binding lectins
PHA-E +++ +++ +++ +++
PHA-L ++ - +++ -~ +
Fucose binding lectin
UEA-I +++ +++ - Ak

*Some acinar cells are positive.

—, negative staining; +, faint staining; ++, moderate

staining.
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5. Discussion

To our knowledge, this is the first study to examine both the sensory
and non-sensory mucosa of the horse VNO using receptor cell specific
antibodies against OMP and PGP 9.5 and to histochemically assess the
mucosa and VNO gland glycoconjugate sugar residues using a variety of
lectins. We investigated the general morphological structure of a cross-section
of the horse VNO, and determined that it is encased by cartilage, similar to
sheep (Ibrahim et al., 2013), pigs (Salazar et al., 2000), Korean black goats
(Park et al., 2013), cows (Salazar et al., 1995), and wild roe deer (Park et
al., 2014). In contrast, the VNO of rodents is encased by bone (Lee et al.,
2012).

Histologically, the horse VNO consists of both sensory and non-sensory
epithelia, as seen in other domestic animals, including pigs (Park et al.,
2012a, Park et al., 2012b), cows (Salazar et al., 1995), and goats (Park et al.,
2013). In this study, we first confirmed that the receptor cells of the horse
VNO sensory epithelium are immune-positive for OMP and PGP 9.5, which
are representative markers for olfactory receptor cells. Further, VNO receptor
cells were positive for G protein G, (goat type, vomeronasal receptor type 1
marker) (Takigami et al., 2000), but not G, (rodent type, vomeronasal
receptor type 2 marker) (Hagino-Yamagishi, 2008, Yokosuka, 2012),
suggesting that VNO signaling in horses transmits information to the accessory
olfactory bulb through a VIR pathway.

With regard to the mucus specificity of the VNO gland, both PAS and
Alcian blue pH 2.5 were occasionally positive in gland acini. These results

suggest that these glands secrete neutral and seromucous components over the

_53_



surface of the VNO epithelium, which includes some carbohydrates detected
by lectins, as seen in other animals, such as sheep (Ibrahim et al., 2013). We
postulate that mucous secretions may be involved in the protection of the
mucosa and/or may contribute to the perception of odors, including
pheromones.

Using lectin histochemistry, we determined that four groups of lectins,
including N-acetylglucosamine, mannose, galactose/N-acetylgalactosamine, and
fucose, labeled the sensory epithelium with varying intensities. To better
visualize each lectin binding, we used biotin-labeled Ilectins, followed by
avidin-HRP, for which lectin reactivity was enhanced compared with results
obtained from direct HRP-labeled lectin in our previous horse VNO study
(Lee et al., 2003).

In brief, 20 lectins, but not BSL-II, labeled the mucomicrovillous free
border, suggesting that the majority of the carbohydrates recognized by these
lectins are present on the mucomicrovillous epithelium of the horse VNO.
These findings differ in part from the study by Ibrahim et al. that investigated
the VNO of sheep and found that SJA, Jacalin, PSA, and LCA were negative
(Ibrahim et al., 2013). We highlight this species-specific difference because the
same lectin source was employed in this study and the Ibrahim et al. study
(Ibrahim et al., 2013).

The discrepancy in lectin binding seen in the receptor cells in the
present study has also been recognized in sensory receptor, supporting, and
basal cells of the horse VNO sensory epithelium. With regards to receptor
cell UEA-I labeling, our findings differed from those of Ibrahim et al. and
Carmanchahi et al., who found faint staining in sheep and intense staining in

armadillos, respectively (Carmanchahi et al., 2000, Ibrahim et al., 2013).
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In addition, galactose/N-acetylgalactosamine binding lectin BSL-I, DBA,
and PNA labeled carbohydrates specific to the receptor cells, but were not
present in the supporting and basal cells. These lectin binding carbohydrates
are known to be involved in cell adhesion and transport of ions (Spicer and
Schulte, 1992), suggesting that they may be involved in the perception of
pheromones. Moreover, we found that DBA intensely labeled in receptor cells;
however, DBA labeling was not found in sheep (Ibrahim et al., 2013) or
armadillo VNO receptor cells (Carmanchahi et al., 2000). Thus, these findings
highlight species-specific VNO lectin binding patterns and BSL-I, DBA, and
PNA histochemistry could be useful markers for the receptor cells in horse
VNO sensory epithelium.

Lectins in the mannose group, which include Con A, LCA, and PSA,
labeled all cell types, including receptor, supporting, and basal cells. This
result suggests that these lectins bind carbohydrates are involved in ion
transport in all cells types, as reviewed previously (Spicer and Schulte, 1992).

N-acetylglucosamine group lectins are known to be involved in cell
membrane and permeability processes (Spicer and Schulte, 1992). In the
present study, all N-acetylglucosamine group lectins, apart from BSL-II, were
intensely labeled in receptor cells, supporting cells, and basal cells, suggesting
that these glycoconjugates detected by lectins play a role in cell-to-cell
interaction in the VNO sensory mucosa.

Some lectins labeled the supporting and basal cells of the VNO sensory
epithelium, except for BSL-II, BSL-I, DBA, SJA, and PNA. This finding is in
contrast to results found in sheep (Ibrahim et al., 2013); only a limited
number of lectins, including WGA, S-WGA, LEL, STL, DSL, BSL-II, VVA,
RCA, UEA-I, Con A, PHA-E, and PHA-L, labeled the supporting cells
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(Ibrahim et al., 2013). A similar pattern was also recognized in sheep VNO
basal cells (Ibrahim et al., 2013), while additional lectins labeled horse VNO
basal cells in the present study.

With regard to fucose group lectins, UEA-I specifically labeled the
supporting cells, but not in receptor or basal cells. The oligosaccharide groups
PHA-E and PHA-L were clearly labeled the supporting and basal cells, but
not in receptor cells, suggesting that these are actively involved in cell
adhesion and substrate diffusion in supporting cells and/or basal cells, as
previously described (Spicer and Schulte, 1992).

In the non-sensory epithelium of the horse VNO, we found that some,
but not all, lectins used in this study labeled in the free border, ciliated cells,
and VNO glands with varying intensities. We postulate that the majority of
the lectin reactions on the free border originated from secretions of the VNO
gland, apart from BSL-I and SJA. Previous studies have shown that a variety
of lectins, including those used in the present study, bind to the acini of
VNO glands in sheep (Ibrahim et al., 2013) and armadillos (Carmanchahi et
al., 2000), with minor differences in the positivity of each lectin. Thus, a
variety of glycoconjugates are produced in the VNO glands, which are
secreted into the VNO Ilumen, leading to mucosal protection of both the
sensory and non-sensory epithelia. However, we do not exclude the possibility
that minor modifications in lectin intensity may occur due to seasonal and
hormonal changes, as well as species differences. In the present study, we
found that lectins labeled a variety of horse VNO cell types with varying
functions, including neural transmission, cell-to-cell adhesion, and proliferation.
Because of the diverse reactivity (negative, weak, moderate, and intense) of

lectins with the VNO sensory and non-sensory epithelia, we postulate that
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carbohydrate sugar residues are partly involved in pheromone perception, as
well as protection of both the sensory and non-sensory mucosa covering the
free border of the VNO. Further investigation of the precise role of lectin

binding carbohydrates on pheromone perception is warranted.
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